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Graphene is a two-dimensional system consisting of a single planar layer of carbon atoms
with hexagonal arrangement. Various approaches have been proposed to control its
physical and electronic properties. Graphite intercalation compounds are materials
formed by inserting molecular layers of compounds between stacked sheets of graphene.
We have studied the physical and electronic responses of two graphene layers intercalated
with gold cluster. Quasi free-standing graphene with Dirac fermion behavior has been
recently demonstrated through gold intercalated epitaxial graphene. Herein, we
investigate the electronic characteristics of gold-intercepted epitaxial graphene under a
perpendicularly applied electric field. Evolution of the band structure of intercalated
epitaxial graphene as a function of the bias is investigated by means of density-functional
theory including interlayer van der Waals interactions. Our results indicate that gold-
intercalated epitaxial graphene can lead to tunable band gap with the applied bias, which
is important for future device.
Hexagonal boron-nitride (fc-BN) is an ideal substrate for graphene due to its
dielectric, insulating, and polarizing features. Our first-principles investigation reveals
that the interaction of the /i-BN substrate with graphene induces a band gap. The zigzag-
edged graphene and /i-BN nanoribbon possess intrinsic half-metalicity, whereas the
reconstructed edges with heptagonal and pentagonal alterations yield metallic states. The
application of a transverse electric bias to a graphene boron nitride nanoribbon (GBNNR)
promotes a transition from exhibiting semiconducting states to half metallic properties
while GBNNR with reconstructed edges undergo transition from metallic to
semiconducting properties.
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Graphene, a single layer of graphite arranged in a chicken-wire network, has
attracted a great deal of attention in recent years due to its unique electronic properties and
potential applications in optoelectronics, sensors, and electronic devices [1-10]. Among a
variety of graphene-based materials, graphene intercalation compounds (GICs) are formed
by insertion of molecular layers with various chemical species between graphite layers. As
the presence of intercalants results in increased interlayer distance of graphite and
weakened van der Waals (vdW) binding between graphene and intercalants layers, the
electronic coupling between graphene sheets is greatly modified, leading to tunable
electronic properties. The electrical, thermal, and magnetic properties can be tailored by
selecting from different intercalants. Recently, epitaxial graphene (EG) on SiC (0001) and
SiC (0001 ) has been extensively studied [11-18]. On the Si terminated SiC (0001)
surface, graphene grows virtually decoupled from the substrate supported by an interfacial
carbon rich "buffer layer". Intercalation of hydrogen atoms leads to transformation of the
interfacial layer into a predominantly sp2 bonded graphene sheet with improved electronic
properties. Recent experimental work has demonstrated that gold intercalation between the
buffer layer and the graphene monolayer leads to the formation of quasi-free-standing
aggregates of clusters [19]. Interlayer coupling plays a pivotal role in determining the
electronic structure characteristics [20-24]. Graphene is a semimetal with linear dispersion
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near the Dirac point associated with massless fermion characteristics. However, the
preparation of quasi-free-standing monolayer graphene is very challenging [11,12]. There
is considerable interest in exploring ways of tuning the interlayer coupling in EG while
preserving the ideal Dirac fermion feature [20-23]. Recent experimental work has
demonstrated high quality EG synthesis through intercalation of hydrogen atoms, methane
molecules, and gold clusters, which form an effective free-standing monolayer electronic
structure [14-19]. These advances provide a promising route to graphene-based device
applications.
Various methods and combinations of methods are used to functionalize graphene
and its allotropes, such as affixing polymer chains or hydrogen atoms to the structure. In
this study we used electrical bias as a means to dope structures. The goal of this work is
not only to understand electrical bias and the mechanism driving the process, but also to
study the effects of electrical biasing on different compounds. Chapter 1 of this thesis
introduces the topic and states the purpose of the endeavor. Chapter 2 provides the
background on the structures studied, the methodology and discussion of results related to
the structural and electronic properties of intercalated graphene, respectively. In Chapter 2,
a unique structure composed of two layers of graphene intercalated with gold atom was
investigated with the application of an electrical bias. Chapter 3, Tunable electronic
properties of graphene on hexagonal boron nitride substrate chapter 4 confers about
conclusion and future work.
CHAPTER 2
TUNABLE BAND GAP IN GOLD INTERCALATED GRAPHENE
INTRODUCTION
Graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D)
honeycomb lattice, and is a basic building block for graphitic materials of all other
dimensionalities. It can be wrapped up into OD fullerenes, rolled into ID nanotube or
stacked into 3D graphite. Graphene, a single layer of graphite arranged in a chicken-wire
network, has attracted a great deal of attention in recent years due to its unique electronic
properties and potential applications in optoelectronics, sensors, and electronic devices [1-
10]. Among a variety of graphene-based materials, graphene intercalation compounds
(GICs) are formed by insertion of molecular layers with various chemical species between
graphite layers. As the presence of intercalants results in increased interlayer distance of
graphite and weakened van der Waals (vdW) binding between graphene and intercalant
layers, the electronic coupling between graphene sheets is greatly modified, leading to
tunable electronic properties. The electrical, thermal, and magnetic properties can be
tailored by electing from different intercalants.
METHOD
The structural and electronic properties of all conformations in this study were
investigated using first-principles, density functional theory (DFT) calculations. In
physics, using quantum mechanics is typical to examine a system of molecular size. This
approach requires one to solve the Schrodinger equation by applying the Hamiltonian to
wave functions central the structure. This technique is fine for dealing with a particle in a
box, but when observing many-body compounds that construct solids, this method tends
to be tedious, laborious, complex and time-consuming.
To facilitate an in-depth understanding of the electronic properties of gold-
intercalated graphene, we report on a theoretical study of graphene based on a dispersion-
corrected density-functional theory (DFT) approach. Our first-principles calculations are
based on general gradient approximation (GGA) with the exchange correlation of Perdew-
Burke-Ernzerhof (PBE) [27] parameterization. A double numerical basis set with core
treatment of all-electron relativistic potential was employed, which explicitly includes all
electrons and introduces relativistic effects due to the core electrons for heavy elements
[28]. We used the dispersion correction of the Tkatchenko-Scheffler (TS) scheme, which
exploits the relationship between polarizability and volume [29]. The TS dispersion
correction takes into account the relative variation in dispersion coefficients of various
atomic bonding by weighting values extracted from the high-quality ab initio database
with atomic volumes derived from partitioning self-consistent electronic densities [28,29].
The use of all-electron relativistic potential was crucial to result in planar conformation of
gold clusters [30].
To model the gold-intercepted EG, we used a bilayer graphene with a 5 x 5 cell
intercepted with an Au6 cluster. The size of the unit cell was chosen with a distance
between the centres of the gold clusters of 1.23 nm, in accordance with the experimental
finding of -1.26 nm. Closer scrutiny of the average size of the gold cluster using an
experimental scanning tunnelling microscope (STM) reveals that the Au6 cluster is the
predominant pattern. A supercell with a vacuum space of 20 A normal to the graphene
plane was used. The effect of the electric field was studied by adding induced dipole
potential via the dipolar nuclear charges [28]. A kinetic energy change of 3 x 10"4 eV in
the orbital basis and appropriate Monkhorst-Pack k-point grids of 6 x 6 x 1 were
sufficient to converge with the integration of the charge density. The atomistic schematics
of prototype gold-intercalated graphene are depicted in Fig. 2.1.
In order to describe the EG grown on the Si-face, we consider an AB-stacked
bilayer graphene [12,13]. With the intercalation of gold clusters, the interaction between
graphene and the buffer layer is modified. The AB-stacked bilayer has characteristic semi-
metallic band structure in that the conduction and valence bands touch at the Fermi level.
The AB-stacked bilayer has odd-symmetry under sublattice exchange. The sublattice
exchange symmetry greatly impacts on the electronic band structure [23-25]. Although
the gold intercalation substantially weakens the interlayer coupling, the gold-mediated
interactions play an important role in determining the optimal intercalated conformations.
As seen in Fig. 2.1, the Au6 cluster is of triangular shape.
Fig. 2.1 Optimized structures of the bilayer of graphene intercalated with gold. The top
and perspective views of graphene layers sandwiched with gold are shown in the top and
bottom panels, respectively.
The intercalated gold cluster in the graphene bilayer is planar. The Au6 planar
conformation preserves the P3ml symmetry of the bilayer and there is no noticeable
distortion of gold planar shape after intercalation. The bond length in the gold cluster is
2.58 A. The expansion of the separation between the layers is found to be 6.548 A. The
corrugation was found to be 0.505 A. The corrugation value depicts the role of gold
intercalation on graphene, reminiscent of decoupled graphene layers. It is worth
mentioning that the binding energy difference between with and without gold intercalation
amounts to 0.413 eV per atom. The prominent increase of the stability of the AB-stacked
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Fig. 2.2 Calculated band structure (a) for the AB-stacked bilayer without intercalation, (b)
with gold intercalation, (c) and (d) gold intercalated graphene with 0.01 and 0.08 V A"1
electric bias, respectively. T = (0, 0) Ji/a, K = (-7i/3a, 2n/3a), M = (0, n/2a), where a =12.3
A. The Fermi level, highlighted by the dashed red line, is shifted to 0 eV.
We illustrate in Fig. 2.2 the corresponding AB-stacked band structure. As seen in
Fig. 2.2, the band structure of the AB-stacked bilayer displays two parabolic bands with a
separation of 0.37 and 0.43 eV splitting for the conduction and valence band, respectively
[23,24]. The effect of Intercalation on the interlayer coupling is manifested in the band
structure of gold-intercalated bilayer graphene, which indicates much weakened interlayer
coupling (Fig. 2.2 b). Specifically, the linear dispersion of the n and n* bands for gold-
intercalated structures implies electronically isolated layers analogous to free-standing
monolayer graphene. The quasi free-standing graphene is charge neutral in contrast to the
electron doped EG, which is attributed to the effective decoupling of contributions from
the buffer layer.
RESULT AND DISCUSSION
While our results support the experimental findings in that the gold-intercalated
graphene provides a facile approach for systems displaying free-standing monolayer
graphene behavior, it is of crucial importance to explore the capability of engineering a
band gap for electronic transistor devices [31-42]. As such, it is highly desirable to
examine the gold-intercalated bilayer graphene under a perpendicularly applied electric
bias. Recent experimental advances have demonstrated the effective tailoring of a band
gap for EG [32-37]. The enhanced stability of gold-intercalated EG could lead to electric-
bias-induced gap opening. To access the feasibility of such a scenario, we show in Fig.2.2
c the corresponding band structure with an electric bias for the gold-intercalated bilayer.
Upon the application of an electric bias, the electronic states near the Fermi level shift the
n and ti* states in a concerted fashion, resulting in the formation of an energy gap at the K-
point. This is attributed to the enhanced dipole interactions generated by the electric bias
[20]. A further increase in the electric bias (to about 0.08 V A"1) leads to concerted
contraction of the conduction and valence bands near the Dirac point, resulting in a double
Dirac cone reminiscent of the AA stacked band structure characteristic, [21] along with
the closing of the band gap (Fig. 2.2 d). As a consequence, the gold-intercalated EG shows
a tunable gap with the application of the electric bias. Illustrated in Fig.2 3 is the extracted
charge density of near-gap states. As seen from Fig. 2.3, these near-gap states have
charges primarily confined at the gold clusters, corresponding to the flat bands in the band
structure. The hybridization with n and n* states is manifested by splitting of the
degenerate n and n* bands. The strongest hybridised band can be identified as VB-2,
where the charges are distributed on the gold cluster as well as on the graphene layer. We
show in Fig. 2.4 the extracted band gap vs. the variation of electric bias. As seen in Fig.
2.4, the largest value of the gap is about 0.22 eV at an electric field of e = 0.04 V A"1. The
insets of Fig. 2.4 display changes in the charge density with an electric bias being applied
from the bottom layer to top. For occupied VBM, the change is predominantly on the gold
cluster, whereas for CBM, the charges move towards the top graphene layer with the
increasing electric field.
The gold-intercalated bilayer graphene serves as a paradigm for electric-field-
induced band gap opening. The electric-bias induced dipole-dipole interactions are
primarily responsible for the band gap opening. This is attributed to significant charge
transfer between the conduction and valence states due to dipole-dipole interactions [35-
38]. However, a further increase in the electric bias leads to level hybridization of other
near gap states, which results in the reduction of the band gap. It is worth mentioning that
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the linear dispersion near the Fermi level appears to be intact after the opening of a band
gap [39-43]. This feature is important for both practical device applications and the
transport of charge carriers.
Fig. 2.3 Extracted charge density of near-gap states at the band center, with different wave
function components colored blue and yellow, respectively
From a computational point of view, the dispersion correction is necessary for an
accurate description of the structural and electronic properties. Our current dispersion-
corrected DFT approach provides quantitatively accurate results for the layer distance. The








Fig. 2.4 Dependence of the energy gap on the applied electric bias for gold-intercalated
epitaxial graphene. Insets: extracted charge density of valence band maximum (VBM) and
conduction band minimum (CBM) at the band center, with different wave function
components colored blue and yellow, respectively.
CONCLUSION
In summary, the evolution of electronic properties of gold intercalated graphene as
a function of the applied electric bias has been studied using theoretical dispersion-
corrected density functional calculations. The present work demonstrates that significant
control of the low-energy electronic states of graphene can be accomplished by tuning
interlayer interactions through gold intercalation. The additional control of the electronic
properties of intercalated graphene as a function of electric bias should extend the range of
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distinctive physical phenomena and applications for nanodevices. We hope that the
prediction of a band gap opening that is tunable by the electric bias can promote further
experimental investigation into gold-intercalated graphene materials.
CHAPTER 3
TUNABLE ELECTRONIC PROPERTIES OF GRAPHENE ON HEXAGONAL
BORON NITRIDE
INTRODUCTION
We have investigated a variety of one-side hydrogenated configurations of the
graphene-BN ribbon and bilayer. The stability of a given hydrogenation pattern is strongly
influenced by the amount of sp2-hybridized bonding in the structures. Graphene, a
monolayer of sp2 hybridized all-carbon network, has demonstrated significant promise for
future electronics technology due to its unique electronic, physical, and structural
properties [44,45] that arise from its linear energy-momentum dispersion relations.
Specifically, properties such as ballistic charge transport [46], ambipolar electric field
effect, and the half-integer quantum Hall effect are attributed to the behavior Dirac
fermions [2]. Modifications to these intrinsic transport properties can be utilized to exploit
the full potential of graphene in lieu of a wide array of applications, including integrated
circuits, memory storage, biosensors, and field-effect transistors (FETs) [42-46].
However, there exist pivotal challenges in the fabrication of graphene-based devices. For
instance, the semimetallic form of graphene is deleterious for its applications in logic
circuit and optical devices. Identifying an optimal method for achieving a continuously
tunable band gap is of particular technological importance. To this end, various strategies
13
14
Moreover, intensive efforts have been made to investigate the spintronics
properties of functionalized graphene nanostructures [42]. By patterning graphene into a
narrow ribbon structure, the carriers are laterally confined to form a quasi-one-
dimensional system that allows for circuit design with standard lithography techniques.
The prediction of zigzag terminated graphene nanoribbons (GNRs) are of particular
interest which could be utilized as an intriguing spintronics material [42,51]. The
spintronics properties of zigzag GNRs would be strongly dependent on edge smoothness
and therefore would be fragile with functionalization. Despite significant experimental
efforts, the realization of a GNR-based spintronics device remains elusive. In this regard, a
better understanding of the nanoribbon properties at the edge can give rise to practical
spintronics applications.
Recently, it has been shown that placing graphene on hexagonal boron nitride (h-
BN) yields improved device performance. The structure of an /i-BN sheet and graphene
are analogous and yet the electronic property of two is distinct [61]. Specifically, /i-BN
consists of an equal number of alternating B and N atoms in sp2 hybridization. A BN sheet
is different from semi-metallic graphene in that it displays insulating characteristics due to
the large ionicity of B and N atoms [55,56]. Consequently, fc-BN is a wide-gap
semiconductor and therefore is an innate constituent to build up hybrid materials.
It is worth noting that the /i-BN has predominant zigzag terminations of edges, in
contrast to the graphene monolayer that gives rise to either zigzag or armchair edges with
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distinctive electronic properties. The edge states in graphene with zigzag terminations
stem from two flat edge bands connecting the two valleys with large momentum
separation, which are dictated by the bulk topological charge [42]. Spins on the edge
become spontaneously polarized resulting in an edge with the same spin alignment. The
spin polarized edge states are dispersive in the reciprocal space, making them useful for
current transport [42,52]. Half-metallic materials show a zero band gap for electrons with
one spin orientation and an insulating or semiconducting band gap for the other spin
orientation, yielding a completely spin polarized current. Modification of zigzag edges and
systematic doping can lead to half-metallic GNRs, thereby providing routes in fine tuning
of the band gap and tailoring the character of the spin polarization. Although GNRs are a
great candidate in low dimensional applications [53], the spintronics transport
characteristics of GNRs, rely on a smooth edge, along with the chemical environment at
the edge such as the hydrogen passivation and the decoration of other chemical elements.
The edge magnetism and the associated half-metallicity diminish with the spontaneous
reconstruction in zigzag GNRs with pentagon-heptagon rings replacing hexagonal rings at
the edge [54].
METHOD
The structural and electronic properties were investigated using first-principles
density-functional calculations. The self-consistent calculation of the electronic structure
of the graphene/boron nitride (G/BN) system was performed based on spin-polarized
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density functional theory with Perdew-Burke-Ernzerhof (PBE) parameterization [61] of
the generalized gradient approximation (GGA) for exchange-correlation potential.
Double-numerical plus polarization (DNP) basis set was used to optimize the geometry of
the G/BN system. As the characteristic features for zigzag ribbons depend weakly on the
length of the ribbon, only one size of ribbon with a width of 1.7 nm was considered. A
supper cell of vacuum space 12 A separating neighboring layers was used to avoid
spurious interaction among replica. We consider rotation angle 21.8°. The commensurate
supercell for this rotation contains 28 (14 C, 7 B, 7 N) and bernal stacking contains 4 (2 C,
1 B, 1 N) atoms, respectively. The supercell for bernal stack and 21.8° rotation is depicted
in the inset of left panel and right panel in Fig. 1, respectively.
All the atoms were relaxed with the force of tolerance 0.05eV/A and a stress less
than 0.1 GPa. During the geometrical optimization, the Brillouin zone is sampled using
Monkhorst Pack meshes of different size depending on the size of the unit cell: 18x 18 x 1
for Bernal stacked graphene on /i-BN, 6 x6 x 1 for misaligned graphene on ft-BN, 12x12
x 1 for rec-chair, 14 x 14 x 1 for twist-boat graphone, 6 x 6 x 1 for twisted bilayer
graphone and 1x8x1 for ribbon were adopted, respectively. A kinetic energy change of
3X10"4 eV in the orbital basis was sufficient to guarantee the convergence of the charge
density integration. The optimization of atomic positions proceeded until the change in
energy was less than lxlO"5 eV per unit cell. Furthermore, we employed the dispersion
correction with the GGA using the Tkatchenko-Scheffler (TS) scheme, which exploits the
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relationship between polarizability and volume [62]. The TS dispersion correction
accounts for the relative variation in dispersion coefficients of differently bonded atoms
by weighting values taken from the high-quality first-principles database with atomic
volumes derived from partitioning of the self-consistent electronic density [60,62]. The
incorporation of dispersion correction is important to the study of systems with van der
Waals interlayer couplings. LDA overestimates the binding, while GGA underestimates
the binding. The incorporation of* the dispersion correction rectifies the inaccuracies
caused by either LDA or GGA.
RESULT AND DISCUSSION
Shown in the left and right panels of Fig. 3.1 are the optimized conformations
along with the band structure for graphene on boron nitride bilayer with Bernal stacking
twisted bilayer with rotation angle of 21.8°, respectively. The calculated layer distance for
twist bilayer is 3.49 A, whereas in Bernal-stacked bilayer the layer distance is 3.46 A,
respectively. Whereas, the interlayer distance in Bernal and twist graphene bilayer are
3.45 A and 3.43 A, respectively. The layer distance for twist-bilayer over the bernal-
stacked one indicates a weaker interlayer coupling for the former. As a matter of fact, the
linear dispersion relation of graphene remains intact for the twisted GBN bilayer. By
contrast, for Bernal-stacked bilayer, the BN "substrate" plays an important role in
modifying the electronic structures, particularly in the proximity of the Fermi level.
Specifically, the band splitting (-0.8 eV) for Bernal-stacked graphene bilayer becomes
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substantially larger, -5 eV. However, the predominant energy span between n and 71*
bands at M is ~4 eV, about the same as the Bernal graphene bilayer.
Fig. 3.1. Calculated band structures for graphene on boron nitride substrate: (a) Bernal
stacked and (b) twisted bilayer with a rotation angle of 21.8°. T = (0, 0) n/a, K = (-7i/3a,
2n/3a), M = (0, 7t/2a), where a =2.4 and 6.5 A for Bernal-stacked and twisted bilayer,
respectively. The red color bands in the left panel are extracted using hybrid functional.
Inset: top views of optimized Bernal bilayer and twist bilayer, respectively. The inset in
the left panel shows a small band gap opening at the K point.
Another notable change is a small gap opening at K. For GGA, PBE with dispersion
correction scheme (TS), the extracted gap is 0.049 eV. The band gap opening is attributed
to the breaking of the sublattice asymmetry in graphene induced by h-BN [66]. However,
in twisted bilayer graphene band gap remains closed. This is because the sublattice
asymmetry induced by h-BN is significantly reduced as compare to the Bernal bilayer one.
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As is well known, one electron approximation approaches (LDA or GGA) substantially
underestimating the band gap. The correction can be calculated with use of hybrid
functional. Since the size of the hexagonal pattern of graphene plane and BN plane are
not equivalent, after the cell optimization it is observed that /i-BN layer is compressed by
0.27% to attain stable structure conformation.
Fig. 3.2. Top and side views of optimized rec-stirrup, rec-chair, twist-boat, boat
conformations of semi-hydrogenated graphene on BN sheet. Carbon, boron, nitrogen, and
hydrogen atoms are colored with green, pink, blue, and white, respectively.
Fig. 3.2 represents the optimized structures of rec-stirrup, rec-chair, twist-boat and
boat conformation. In the rec-stirrup conformation, hydrogenation is along the zigzag
direction and that leads to alternating sp2-sp3 patterned chains on the graphone layer. The
rec-stirrup conformation can be considered as a one boron nitride layer and one graphone
layer bonded non-covalently. The top layer is alternating sp2 carbon chains and sp3 carbon
chains along the zigzag direction. In the rec-stirrup confirmation, hydrogenation is along
the zigzag direction and that leads to alternating sp2-sp3 patterned chains on the graphone
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layer. The position of hydrogen on the layer is distributed in a way that all the hydrogen is
up along zigzag chains. The hydrogenation leads to corrugation and thus the basal plane is
no longer flat. For the stirrup conformation, the layer separation is of 3.62 A without
interlayer bonding. As a result, the bottom layer is flat. The lack of bonding yields a
stirrup graphone with alternating sp2 and sp3 chains along the zigzag direction. The C-C
bond length along sp2 zigzag chain is 1.42 A, while that along the sp3 zigzag chain is 1.52
A, only slightly shorter than the usual carbon-carbon sp3 length of 1.56 A. The C-C bond
length of the graphene layer is 1.43 A that is slightly longer than the typical sp bond
length of 1.42 A. The deviation to the typical sp2 and sp3 bond lengths is attributed to the
fact that the sp2 or sp3 bonds are not pure.
In the twist-boat conformation, hydrogen adsorption is alternative along the
armchair and zigzag directions. Hydrogen adsorption is one up along the armchair
direction, while two up along the zigzag direction. The hydrogenation leads to corrugation
and thus the basal plane is no longer smooth. For the twist boat graphone on top of boron
nitride, the layer separation is of 3.21 A without interlayer bonding. As a result, the
bottom boron nitride layer is flat. The C-C bond length between sp2 carbons is 1.35 A,
while that between sp3 carbons is 1.57 A, and while that between sp2-sp3 carbons is 1.52—
1.55 A, slightly shorter than the carbon sp3 length of 1.56 A. The C-C bond length of the
graphene layer is 1.51 A along armchair and 1.46 A along zigzag, which are longer than
the typical sp2 bond length of 1.42 A. The commensurate bilayer stacking results in
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compressive strain of the twist boat graphone layer and tensile strain in the boron nitride
layer.
Even though the rec-chair conformation has bonding between two layers, bonding
pattern is different from the boat graphone on /i-BN. Instead of having alternative sp2 and
sp carbons along zigzag chains, rec-chair graphone on h-BN has alternate sp and sp
carbon chains along the zigzag direction in the bottom layer. This alternate sp and sp
carbon chains makes rec-chair bilayer graphone a directional conductor similar to rec-
stirrup structure. AB-Stacked-Chair also consists of two bonded layers of carbons. Bernal-
stacked chair has sp2 and sp3 carbon patterns like in bilayer graphone. Graphone and ft-BN
layers promote bonding between them. Fig.3.3 shows the calculated band structure of
different conformations. Hydrogenation of graphene provides a promising approach to
open up band gaps larger than 2.5 eV [65]. The polarization effects due to surrounding h-
BN dielectrics, however, reduce band gaps of graphone by about 0.5 eV. Thus, accurate
electronic structure calculations of the atomically thin materials such as graphone should
always take into account the surrounding materials. The calculated band offsets suggest
that in the field effect devices employing chair graphone as a channel material [65-75], h-
BN can be used as a substrate as well as a dielectric layer separating the graphone channel
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Fig. 3.3. Calculated band structures for semi-hydrogenated graphene on BN sheet: (a) rec-
stirrup (b) rec-chair (c) twist-boat (d) boat, respectively
In Fig. 3.3 (a), we show the calculated band structure of rec-stirrup. Calculation
shows the rec-stirrup is the lowest energy conformation structure. From the band
structure, it shows that it has zero band gap energy that refers to highly metallic behavior.
One-sided hydrogenation is also relevant to the hydrogenation of epitaxial
graphene in that the hydrogen can barely intercalate between the graphene layers. For this
reason, an in-depth understanding of graphone on /i-BN substrate is clearly desirable. To
this end, we investigate a graphone /i-BN bilayer, which serves as a prototype for
hydrogenation on epitaxial graphene. To explore the possible conformations of the
graphone-graphene bilayer, we have considered both bonded and non-bonded
configurations. In the absence of H, two pristine graphene sheets cannot be bonded
together due to the weak van der Waals interaction. However, since unsaturated C sites in
the graphone sheet are reactive because of unpaired electrons, an h-BN sheet can bind to
23
graphone and the system can be viewed as semi-hydrogenated bilayer graphone. Bilayer
graphene has a smoother surface than monolayer graphene, due to the corrugations. In our
case, because of the interlayer interaction, the A-BN substrate reduces the roughness of
graphene surface.
We have initiated our calculation with the different graphene nanoribbon using
hexagonal boron nitride nano ribbon as substrate. Calculation shows the ground state of
zigzag-edged graphene and boron nitride nanoribbon is an AFM and possesses intrinsic
half-metallicity, which is tunable by applying a transverse electric bias. The band structure
is highly spin polarized with a spin splitting. This feature makes zigzag- edged graphene
and BN nanoribbon is an AFM semiconductor with a tunable band gap as well as an
attractive material for spintronics. These findings increase the possibilities for graphene to
create more flexible nanodevices that rely on a tunable band gap.
On the other hand, the reconstructed zigzag edged counterpart shows the
nonmagnetic ground state and undergo metallic to semiconducting transition with the
application of a transverse electric bias.
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Fig. 3.4. Calculated band structure (middle panel) for GBN zigzag nanoribbon with (a) no
bias, (b) 0.77 V/A, and (c) -0.77 V/A electric biases, respectively. The corresponding
density of state (bottom panel) (d), (e) and (f). The blue and red lines represent spin-up
and spin-down components, respectively. The corresponding spin density (top panel) with
isosurface plot (0.02 au) corresponds to the bands crossing at the Fermi level together with
the optimized atomic geometries.
Shown in the Fig. 3.4 is the calculated spin charge density, density of state, and
band structure of zigzag edged graphene boron nitride nanoribbon (GBNNR) in top,
middle and bottom panel, respectively. In the top panel the colors cyan and red refers to
the accumulated spin charge density at the zigzag edge of GBNNR. The first image in the
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top panel shows charge accumulation on the zigzag edge of GBNNR; this directly
corresponds to the band structure at the Fermi level in the bottom panel. The second image
in the top panel shows what happens when an electric field of 0.77 V/A is applied. We
observe that the charge that was once accumulated on the spin up zigzag edge is now
flowing out because this edge is now acting as a directional conductor. We also observe
that the spin down zigzag edge charge is still accumulated, this reveals in our band
structure calculation that the spin up gap is closed which results in flat bland in the band
structure. Then final image in the top panel shows what happens when the electric field is
reversed to -0.77 V/A. We observe the reverse situation where there exists a clear
separation of charges but a small charge still remains on the spin down zigzag edge, which
can be explained by the density of states calculation shown in the middle panel. The
calculated density of state in the middle panel, the colors red and blue denote the electron
spin up and down.
The DOS calculation in the middle panel confirms the band structure calculation.
A nearly closed gap in the DOS confirms a narrow gap in band structure. As shown in Fig.
3.4 (a) we notice that the spin up gap is very small. The DOS analysis in the middle and
middle right panel, two cases suggests that the increase in electric field closes one of the
spin gaps and opens up for the other spin channel. These observations clearly indicate a
deviation from the symmetric spin distribution in epitaxial GBN NRs in the zigzag edges.
Although all the atoms in one edge are aligned ferromagnetically, they show
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antiferromagnetic coupling within two edges. However, in the ZBNNRs, both the spins
prefer to mix homogeneously throughout the whole lattice without any dominance of a
particular spin on any site. The DOS calculation suggests that, the spin symmetry breaks
at the edge of ribbon, interaction induced on carbon due to boron and nitrogen neighbor.
Boron and nitrogen face different spins on the adjacent carbon atoms in either side zigzag
edge lines. Thus unsymmetrical spin diffusion on either side destroys the spin symmetry.
The bottom panel of Fig. 3.4 shows the band structure calculations. We observe
that without the application of an electric field both spin up and spin down energy gaps are
opened to 0.21 eV and 0.19 eV respectively. We observe that when the electric field has a
value of -0.04 V/A the spin down gap is closed and the spin up is opened by 0.16 eV.
Inversely, when the direction of the electric field was switched to 0.04 V/A the spin down
gap was opened 0.10 eV and the spin up was closed. From these results we can conclude
that a proposed application of GBNNR is the transport of quantum information via a
controlled mechanism. Using an electric field perpendicular to the edge of the ribbon a
change in the band structure is noticed. We have conducted the same calculation by
reversing the spin arrangement in the zigzag edge and the calculated results yielded
similar values in the energy gap.
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Fig. 3.5. Calculated band structures of 5-7 zigzag edge-reconstructed GNR on BN
nanoribbon with (a) no bias, (b) 2.05V/A, and (c) 2.5V/A, respectively. The Fermi level is
set to 0 eV and Y=rc/2a, where a = 2.60 A. Insets: The corresponding spin density with
isovalue of 0.05 au.
The effect of the electric field is the enhanced closing of the spin gap and the
opening of another. These results will immensely affect spintronics and enhance the
transport properties of these devices based on GBNNR. The spin orientation of GBNNR is
inversely related to the direction of the electric field. Application of electric field on
GBNNRs with zigzag edges shows that, the half-metallic behavior sustains over even
sufficiently large e-field strength. The magnitude of the semiconducting spin gap (0.16
eV) suggests the possibilities of the experimental realization of such half-metallic
antiferromagnets even at room temperature.
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Shown in Fig. 3.5 is the calculated band structure for the reconstructed edge shows
the different properties. Antiferromagnetic properties is completely diminished and
observed the tunable gap with electric field applied perpendicular to the reconstructed
zigzag edges. The effect of the electric field is the enhanced closing of the spin gap and
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Fig. 5.6. Dependence of the energy gap on the applied electric bias for GBNNR.
These results immensely affect spintronics and enhance the transport properties of
these devices based on GBNNR. The interesting pattern of tuning in energy gap is
observed since energy gap is in increasing order with increased electric field. Using first-
principles density functional calculations, it was further demonstrated that applying an
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electrical bias perpendicularly to the edge of reconstructed zigzag graphene and boron
nitride nanoribbon opens a band gap [86] that can be tuned continuously. As the bias is
increased, the band gap collapses, leading to a transition from a semiconductor to a
metallic state. This result is clearly depicted in Fig. 3.6. When we increased the electric
greater than 2.5 V/A, the energy gap goes down towards 0 eV. Recent experimental
measurements and theoretical calculations show that larger band gaps on the order of a
few eV can be opened in hydrogenated graphene [58]. Furthermore, the band gap can be
tuned by controlling the degree of hydrogenation. The effect of /i-BN substrate on the
electronic structure of hydrogenated graphene can be investigated by considering single-
sided semi hydrogenated graphene on an /i-BN substrate [60].
These results further validate the essential role of the epitaxial-induced built-in
potential in determining band gap of C/BN heterostructures and also indicate a new route
to control their electron properties by epitaxial fabrication [76-80]. Furthermore, the linear
modulation of band gap with hydrogenation will facilitate the precise control on their
properties in the applications of C/BN-based electronic and optoelectronic devices. Unlike
the rec-stirrup or rec-twist-boat, boat conformation in bilayer graphone has covalent
bonding between the layers. Hence, the boat bilayer graphone does not have the
alternative sp2 carbon chains and sp3 carbon chains. Boat bilayer graphone alternates the
sp and sp carbon in the bottom layer.
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Table 4.1. Calculated binding energy per atom (Eb), the band gap (Eg), using dispersion-corrected
(dc) DFT for Bernal bilayer, twist-bilayer, rec-Stirrup, rec-Chair, twist-Boat and Boat





























On the other hand, even though the rec-chair bilayer graphone has bonding
between two layers, bonding pattern is different from the boat bilayer graphone. Instead of
having alternative sp and sp carbons along zigzag chains, rec-chair bilayer graphone
alternate sp and sp carbon chains along the zigzag direction in the bottom layer. The
alternate sp2 and sp3 carbon chains make rec-chair bilayer graphone a directional
conductor similar to rec-stirrup structure. We summarize in Table 1, the calculated
binding energy per atom Eb and the energy gap Eg between CBM and VBM in eV for
conformations of semi-hydrogenated bilayer graphene. As seen from Table 1, rec stirrup
configuration is energetically favored over four conformations.
CONCLUSION
hi summary, the tight binding model cannot be reliably used for quantitative
predictions involving novel materials such as graphene on h-BN especially because the
interlayer hopping parameters between graphene and h-BN are not known. First-principles
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calculations are therefore required for accurate prediction of electronic structure of such
novel material systems. We have studied the geometry and electronic characteristics of
Bernal and twisted bilayer boron nitride graphene, partially hydrogenated boron nitride
graphene bilayer system of different conformation and nanoribbon via density functional
theory. Hybrid functional was used to calculate the band structure. The opening of gap at
K-point shows the correction over the gap which is underestimated using LDA functional.
The nanoribbon with zigzag edges shows the half-metallicity with application of
electric field. The opening of gap depends upon directional electric field perpendicular to
the edge. The reconstructed zigzag edge nanoribbon where the magnetic properties is
diminished resulting the modulation of the energy gap with interesting pattern. Also, the
emerging of the spin down and spin up dipoles at the edge introduces a built-in potential
difference, which can be tuned by adjusting an external bias. This not only allows
continuous tuning of the gap and leads to transition from a semiconducting to a metallic
state, but also gives access to linearly control the gap. The tunable gap, which generally




CONCLUSIONS AND FUTURE WORKS
In the last two chapters, we have presented results of gold cluster intercalated in
bilayer graphene sheet both in pristine condition and having been subjected to electric
bias. Specifically, in Chapter 2 we focused on tunable band gap due to the gold
intercalation and chapter 3 is focused on graphene boron nitride Nanoribbon (GBNNR).
It is worth pointing out that our approach can be employed to a large class of
nanostructures, such as nanoribbons and bucky balls. The DFT calculations become
routine for relevant systems. We plan to continue work with large number of gold cluster
differing from what has been presented in this thesis. Examining geometry effects of
electric bias and investigating band gap tunability on a wider range of bilayer graphene
can substantiate our understanding of the electric bias influence on electronic structures.
We will consider graphene nano ribbon and also intercalating graphene with different
atoms or molecules and investigate the effects of applying an electric bias.
Functionalization of the graphene sheets is also of interest, adding more layers of
graphene between intercalants may result in electric bias having a different effect on the
electric properties of the compound. The availability of experimental collaboration will be
useful to test our predictions. Validating our computational results is not only practical but
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